The nucleotide sequence of 4 kilobases of DNA from within the short region of the genome of herpes simplex virus type 1 has been determined. This portion of DNA contains the junctions of the terminal and internal inverted repeat sequence components with the unique sequence component and the 5' regions of the genes which encode the Vmw 12, Vmw 68 and Vmw 175 immediate-early polypeptides. The transcription and translation initiation sites of all three genes and the 5' and 3' boundaries of the Vmw 12 and Vmw 68 gene introns have been localized on the DNA sequence and shown to be flanked by sequences which resemble those found in similar positions in other eukaryotic genes. For the Vmw 12 and Vmw 68 genes the promoters, the 5'-non-coding regions of the mRNAs, and the introns lie within the terminal and internal inverted repeats respectively while the polypeptide-coding regions lie in the short unique component. The introns consist largely of tandemly reiterated copies of a 22-nucleotide sequence: the Vmw 12 gene intron contains seven of these and the Vmw 68 gene intron five. The Vmw 175 gene is located entirely within the short repeats, of which those regions sequenced here have the extremely high G + C content of 78 %, in marked contrast to the value of 66 % obtained for the adjacent region of the unique sequence component. Prediction of the complete amino acid sequence of the Vmw 12 polypeptide, accounting for a mol. wt. of 9830, and of the first 523 amino-terminal amino acids of the Vmw 175 polypeptide has been made from the DNA sequence. The polypeptide-coding region of the Vmw 175 gene has an average G + C content of 80% but nevertheless specifies a wide range of amino acid types because of the maximal assignment of G and C residues to codon third base positions.
INTRODUCTION
The genome of herpes simplex virus type 1 (HSV-I) is a double-stranded linear DNA molecule with a mol. wt. of 100 x 106 and base composition 67 % G + C (Becker et al., 1968; Kieff et al., 1971; Graham et al., 1972) . It comprises two unique sequence components of mol. wt. 9 x 106 (Us) and 68 x 106 (UL) , each of which is flanked by terminal and internal inverted repeat sequences of mol. wt. 4.3 x 106 (TR s and IR s) and 6 × 106 (TR L and IR L) respectively (Sheldrick & Berthelot, 1974; Wadsworth et al., 1975; Deli us & Clements, 1976; Wilkie, 1976) .
Transcription of the virus genome in infected cells is temporally regulated and may be divided into three distinct phases: immediate-early, early and late. Immediate-early transcription takes place directly after infection and does not require prior infected cell protein synthesis but early and late transcription is dependent on prior virus protein and DNA synthesis respectively (Wagner et al., 1972; Frenkel et al., 1973; Clements et al., 1977; Jones & Roizman, 1979; Holland et al., 1980) . The virus-specific polypeptides also fall into three groups which correspond to the three transcriptional phases in their kinetics and prerequirements for synthesis (Honess & Roizman, 1973 Marsden et al., 1976) . Five major immediate-early mRNA species, specifying the polypeptides Vmw 175, Vmw 110, Vmw 68, Vmw 63 and Vmw 12 are synthesized in HSV-l-infected cells (Watson et al., 1979) . The genome map locations and orientations of the transcripts have been determined by hybridization studies (Clements et al., 1979; Watson et al., 1979 Watson et al., , 1981a Anderson et al., 1980; Mackem & Roizman, 1980) and are consistent with the map positions assigned to the polypeptides following analyses of intertypic recombinants (Morse et al., 1978; Preston et al., 1978) . Three of these relevant to the present study are shown in Fig. 1 .
Single-strand-specific nuclease analyses have accurately positioned the 5' ends of the Vmw 68-and Vmw 12-encoding mRNAs within respectively the BamHI n and BamHI x restriction endonuclease cleavage fragments of HSV-1 DNA, and the 3' ends within BamHI n and BamHI z (Watson et al., 1981 a; Rixon & Clements, 1982) . The genes contain introns of around 150 nucleotides in length, and these have also been mapped within BamHI n and BamHI x (Watson et al., 1981 a; Rixon & Clements, 1982) . The Vmw 175 gene, of which the 5' terminus is located within BamHI x and the 3' terminus in RamHI k fragments, is unspliced (F. Rixon, personal communication) (Fig. 1) .
Of the five immediate-early polypeptides only Vmw 175 and Vmw 68 have been studied with regard to their possible function. Experiments with temperature-sensitive mutants have shown that Vmw 175 is involved in the transition from immediate-early to early and late mRNA transcription and also controls the shut-off of host cell protein synthesis (Parris et al., 1978; Watson & Clements, 1978 , 1980 Preston, 1979a, b; Dixon & Schaffer, 1980) . Vmw 175 inhibits its own synthesis and that of other immediate-early polypeptides, and its function is required continuously during infection to maintain early and late mRNA and protein synthesis (Preston, 1979b~ Dixon & Schaffer, 1980 Watson & Clements, 1980) . In contrast, the Vmw 68 polypeptide, at least in the experimental cell culture system used, appears to have a dispensable function in the HSV-1 replicative cycle since deletions in the coding sequence of HS V-1 DNA sequence the gene on a scale which abolishes polypeptide production have no effect on the yield of infectious progeny virus (Post & Roizman, 1981) . Vmw 68 may nevertheless play an essential role in resting cells or in some non-lytic process such as the establishment of latency.
In this paper we present the DNA nucleotide sequences of the BamHI x, BamHI y and part of the BamHI n restriction endonuclease cleavage fragments of the HSV-1 genome, and from them determine the fine structure of specific regions of the Vmw 175, Vmw 68 and Vmw 12 genes.
METHODS
Recombinant plasmids carrying HSF-1 DNA sequences. The sequence analyses reported in this paper used HSV-1 strain 17 DNA restriction endonuclease cleavage fragments cloned in the plasmid vector pAT153 (Twigg & Sherratt, 1980) as sources of DNA. The hybrid plasmid pGX 1 containing the BamHI y fragment of the HSV-1 genome was constructed in collaboration with A. Davison; plasmid pGX16 containing the HSV-1 SalI T fragment (extends from BamHI y into BamHI z) was constructed by ourselves; plasmids pGX34 and pGX35 containing respectively the HSV-1 BamHI x fragment and the HindIII b fragment of BamHI n (called BamHI/HindIII n; extends from IR s to Us) were obtained from F. Rixon. All hybrid plasmids were propagated in Escherichia coli strain HB l01.
DNA preparation. Plasmid-carrying E. coli strains were grown in L-broth and the plasmids amplified by chloramphenicol treatment (Clewell, 1972) . Plasmid DNA was extracted by phenol extraction of cleared lysates (Katz et al., 1973) and was purified by isopycnic banding in CsC1 gradients containing ethidium bromide. The HSV DNA inserts were cleaved from pGX1, pGX34 and pGX35 using BamHI and HindlII, and following electrophoresis in agarose gels were isolated by hydroxylapatite chromatography (Wilkie & Cortini, 1976) .
End labelling of DNA. DNA restriction fragments were labelled at the 5'-termini with [y-aEp]ATP using polynucleotide kinase, or at the 3'-termini with [ct-32p]dNTP using E. coil DNA polymerase large fragment.
DNA sequence analysis. Restriction maps of the isolated DNA fragments were constructed as described by Smith & Birnstiel (1976) . These maps were used to guide the generation of singly end-labelled DNA fragments for use in the chemical degradation sequencing system (Maxam & Gilbert, 1977 , 1980 . Overlapping sequence information was obtained for all restriction sites used in the generation of fragments for sequencing. The identities of cytosine residues methylated by the host cell dcm methylase (Schlagman et al., 1976) and therefore resistant to chemical cleavage (Ohmori et aI., 1978) were cross-checked by constructing maps for nuclease BstNI, which cleaves at the methylation site (Roberts, 1980) . The base-specific cleavage products were fractionated by electrophoresis in 450 x 230 × 0.35 mm slab gels containing: (i) 20% or 16% polyacrylamide, 8.5 M-urea; (ii) 8% or 6% polyacrylamide, 9 M-urea; (iii) 16 % polyacrylamide, 90% formamide. The acrylamide :N,N'-methylenebisacrylamide ratio was 30:1, the buffer was 50 mM-Tris-borate pH 8.3, 1.5 mM-EDTA, and electrophoresis was at 40 W.
DNA/RNA hybrids. Hybrids between HSV DNA fragments and HSV mRNAs were provided by our colleague F. Rixon. These had been made by annealing total cytoplasmic RNA from HSV-l-infected BHK C13 cells to 5'-or 3'-end-labelled DNA fragments, followed by digestion with nuclease S1 (Berk & Sharp, 1978; Rixon & Clements, 1982) . The positions on the DNA sequence of 5'-termini of mRNAs and of intron boundaries were obtained by electrophoresing hybrid fragments on sequencing gels together with the base-specific cleavage products of the same end-labelled DNA fragment.
Data handling. The computer programs of Staden (1977 Staden ( , 1978 were used for the handling and interpretation of sequence data.
RESULTS

Evaluation of DNA sequence data
DNA sequences were determined by the method of Maxam & Gilbert (1977 , 1980 for the plasmid cloned fragments BamHI y and BamHI x (map coordinates 0.950 to 0.978), and part of BamHI n . Sequence across the BamHI site defining the BamHI x/BamHI y boundary was obtained using plasmid pGX16. In Fig. 2 we list an evaluation of the quality of the data. There were nine occurrences of sequences unresolvable by the techniques available; these are described in Table 1 . The existence of these unresolved regions and the fact that for much of the sequence only one strand was examined means that the present sequence cannot be regarded as error-free, and interpretations must be made with caution.
The major sequence obtained is that for the adjacent BamHI y and BamHI x fragments, 3794 base pairs (bp) in all, and this is shown in Fig. 3 , oriented as BamHI y prior to BamHI x, i.e. proceeding from TR s to U s. The sequence of BamHI n in the region across the IRs/U s junction is presented in Fig. 4 , proceeding from IR s to U s.
Mapping of mRNAs on the DNA sequence
The genome region sequenced in BamHI y and BamHI x contains the transcription initiation sites of the mRNAs for polypeptides Vmw 175 and Vmw 12, and also contains a region which comprises an intron in the mRNA for Vmw 12 (Clements et al., 1979; Watson et al., 1979 Watson et al., , 1981a Anderson et al., 1980; Mackem & Roizman, 1980; Rixon & Clements, 1982) . As explained below, in the region of the 5'-terminus and the intron, the Vmw 12 mRNA sequences in BamHI x are identical to those for Vmw 68 mRNA in BamHI n. The 5'-termini of the mRNAs and the intron boundaries were located directly on the DNA sequence by electrophoresis in a sequencing gel using the homologous set of sequencing reaction fragments as markers. Experiments are summarized in Table 2 , and the sites determined are marked on the DNA sequence (Fig. 3) . Multiple S 1 nuclease-resistant species were detected in all experiments, and these may be attributed to inaccurate S1 recognition and/or heterogeneity at the 5'-termini of the mRNAs.
Organization of the Vmw 12 gene
We consider that the transcription initiation sequence of Vmw 12 mRNA is at residues 2562 to 2565 on the DNA (Fig. 3, Table 2 ). At 23 to 30 nucleotides upstream (residues 2534 to 2541) is the sequence 5'-CACATAAA. We propose that this represents the 'Hogness Box' element of the promoter (Gannon et al., 1979; Busslinger et al., 1980) . Further upstream, at residues 2521 to 2525, is a sequence 5'-GGTCT which is similar to a sequence of consensus 5'-GATCC found in this region of some eukaryotic genes (Busslinger et al., 1980) . There is no upstream sequence corresponding to the 'Chambon Box' homology found in many eukaryotic genes (Benoist et al., 1980) . Parenthetically, we note that for Vmw 12 mRNA, Rixon & Clements (1982) have obtained results using an exonuclease VII/hybrid analysis that conflict with the $1 nuclease analysis, and place the 5'-terminus of the mRNA 90 nucleotides further upstream, at residues 2472 to 2475. This finding would normally be indicative of the presence of an intron. However, in the present case it is most probable that the exonuclease VII result is artefactual and is caused by exonuclease-resistant intrastrand secondary structure of the probe DNA in the G + C-rich region, residues 2481 to 2580. This can only be definitively resolved by sequence analysis of the mRNA.
The boundaries of the Vmw 12 gene intron (Watson et al., 1981a; Rixon & Clements, 1982) were located at residues 2810 to 2813 and 3019 to 3022 ( Table 2) . The sequence 5'-GGTAAG, residues 2810 to 2815, is homologous to the consensus splice donor sequence, Probably artefactual.
Probably artefactual.
Additional bands are probably artefactual.
Total number of 'C' residues at residues 1942 to 1947 is thought to be 6. Unresolved. Contains an Avail recognition site, 5'-G!GA/TCC. * Those residues classed as artefactual have been omitted from the sequence listing (Fig. 3) . (Seif et al., 1979) , where R denotes purine and X any nucleotide, and the sequence 5'-CCGCAG at residues 3017 to 3022 is homologous to the consensus acceptor site (Seif et al., 1979) ; therefore, we conclude that the intron comprises residues 2811 to 3022. In common with other introns (Seif et al., 1979) the sequence preceding the acceptor site is pyrimidine-rich: 13 of the terminal 19 residues are pyrimidines. The intron consists largely of seven tandem copies of the 22-nucleotide sequence 5'-GACGCGGGGGC-GGAGGAGGGGG, marked R1 to R7 in Fig. 3 The sequence of part of BamHI n running from IR s into U s is shown. The region identical to TR s (Fig. 3 b) is underlined.
5'-RGTXXG
The triangle device at residues 167 to 168 denotes the existence of extra copies of tandem repeats in the TR s (BamHI x) clone. The proposed site of translation initiation for Vmw 68 is indicated at residues 298 to 300. q" Probes are described in a manner similar to Bx/HinfI/5'/SmaI which refers to the SmaI cleavage product of a 5'-end-labelled HinfI restriction endonuclease fragment of BamHI x. The first number of the probe locus refers to the labelled terminus of the fragment. and 3087 of Fig. 3 , as indicated in Fig. 4 . The IR s sequence cloned contains five tandem reiterations in the intron region instead of seven as in the particular cloned TR s sequence. We presume that the actual tandem repeat copy number does not represent a fundamental distinction between the two repeat regions (see Discussion). In the IRs/U s sequence there exists for the Vmw 68 mRNA a potential translation initiation codon, 5'-ATG, at residues 298 to 300 of Fig. 4 (i.e. in Us) and this is followed by an open reading frame to the limit of determined sequence. We propose that this represents the start of the Vmw 68 coding region. Thus, for the Vmw 68 and Vmw 12 genes, the promoters, the 5'-non-coding regions of the mRNAs and the introns all lie within the short repeat (Rs) regions and thus have the same sequence, while the polypeptide-coding regions lie in U s and are distinct.
Organization of the Vmw 175 gene
The Vmw 175 gene is entirely contained within the R s components; it is thus diploid in the virus genome (Clements et al., 1979; Watson et al., 1979; Mackem & Roizman, 1980; Davison & Wilkie, 1981; F. Rixon, personal communication) . For convenience, discussion here refers to the gene in TR s. The orientation of the Vmw 175 gene is opposite to that of the Vmw 12 gene (Clements et al., 1979) and the gene contains no introns, at least in the portion whose sequence is reported here (F. Rixon, personal communication). The 5'-terminus of Vmw 175 mRNA was located at residues 1868 to 1872 of Fig. 3 . We propose that the sequence 5'-TATATGA at residues 1898 to 1892 represents the Hogness Box element of the promoter (Gannon et al., 1979; Busslinger et al., 1980) . The sequence at position 1910 to 1906, 5'-GGCCC, resembles the pentameric element 5'-GATCC (Busslinger et aL, 1980) , but in common with the Vmw 12 gene the Vmw 175 gene has no Chambon Box homology (Benoist et al., 1980) . The mRNA for Vmw 175 is about 4200 nucleotides in length (this work; F. Rixon & A. Davison, personal communication) , and so extends about 2300 nucleotides beyond the limit of determined sequence. The first potential 5'-ATG translation initiation codon is at residues 1569 to 1567 (Fig. 3) . For the reasons outlined below, we consider that this ATG does in fact represent the start of Vmw 175 polypeptide-coding sequence. Prediction of the amino acid sequence from the DNA sequence was complicated by the extraordinarily high G + C content of the region: residues 1569 to 1 of Fig. 3 (the proposed polypeptide-coding region) are 80% G + C. The occurrence of out-of-frame stop codons (which are A + T-rich) is therefore low, thus reducing in value the most common approach to analysis of reading frame. Furthermore, the DNA sequence contained several areas where difficulty of interpretation made loss of continuity of reading frame possible (see Table 1 ). Our evaluation of the correct reading frame depended on the following arguments. 1. The 5'-ATG sequence at residues 1569 to 1567 mentioned above is the first in the mRNA sequence and its surroundings conform to the consensus of Kozak (1981) Frame 2 frames contain five and two stop codons. As noted above, this is viewed as supportive evidence only. 3. Amino acids which can be encoded by codons containing only G and C are Ala, Gly, Pro and Arg. High proportions of either of the latter two (say, as a limit, greater than 25%) would not be expected to give viable protein structures. Fifty-codon subsections of each reading flame were examined and scored on this basis, as shown in Table 3 . This analysis yielded the predicted frame as consistently best candidate. 4. In polypeptide-coding DNA, which has evidently, for unidentified evolutionary reasons, been driven to an extremely high G + C content, we might expect that the third codon positions should exhibit the highest G + C content, while still permitting a functionally required range of amino acids to be encoded. The sequence does exhibit such a feature; from the putative initiator codon to the limit of available sequence, the values for the predicted reading frame are: first codon position 79 % G + C, second position 67 %, and third position 95 %. Subdivision of the sequence gives the same result (Table 3) .
We thus consider that we have detected the correct Vmw 175 reading frame. Furthermore, it seems probable that if any errors in reading flame do exist, then they can be only local (i.e. corrected by a nearby second frameshift error).
DISCUSSION
The above interpretation of our data shows that each R s region contains promoters for two genes, the Vmw 175 gene and either the Vmw 12 gene or the Vmw 68 gene. The two promoters are in opposite orientations. In the case of the Vmw 175 gene, we know that the gene is entirely contained within the R s region, and that there are almost certainly no other genes in R s distal to it (Davison & Wilkie, 1981) . In the case of the Vmw 12/Vmw 68 pair of genes, we now see that only the 'preliminary' regions of each gene are in R s (i.e. promoter, most of the Y-non-coding region of the mRNA, and intron) while the polypeptide-coding regions are entirely in Us-The Hogness Box elements of the Vmw 175 promoter and the Vmw 12 promoter are 636 bp apart. Although we do not at present know how much of this 636 bp region is concerned with promoter activity, we consider it unlikely that promoter function accounts for it all. In this connection, we note that N. Stow (personal communication) has localized an origin of HSV DNA replication in the region bounded by TaqI sites at residues 2042 and 3037 (Fig. 3) , and an inter-promoter region would be an attractive location for such a feature. At residues 2429 to 2446 is an 18 bp sequence consisting wholly of A and T residues (a highly unusual structure in the G + C-rich DNA). This is flanked by inverted partial repeats, so that the whole region could form, in one strand, a hairpin with the A + T region at its head. We regard this region as a strong potential candidate for a DNA replication origin structure. A 17 nucleQtide A + T sequence and several palindromes are present in the region of the SV40 origin of replication (Reddy et al., 1978; Piatak et al., 1981) . The tandem reiterations found in the Vmw 12 and Vmw 68 gene introns are a feature which resembles three sets of tandem reiterations present at the other end of R s (Davison & Wilkie, 1981) . Restriction digest bands of DNA containing multiple tandem reiterations are known to vary in electrophoretic mobility (Lonsdale et al., 1980; Davison & Wilkie, 1981) . This is probably due to variation in the number of reiterations in a population of genomes as a result of some form of recombination, probably the consequence of unequal crossing-over events. The three mRNA species whose structure is predicted from our sequence data all have unusually long 5'-non-coding regions (320 nucleotides for the Vmw 12 gene, 350 nucleotides for the Vmw 68 gene and 301 nucleotides for the Vmw 175 gene). This apparent lack of size constraint extends also to the 3'-non-coding region of the Vmw 12 gene, estimated to be about 1210 nucleotides. In the latter situation, it is possible that overlapping genes, or at least overlapping transcription units, might exist. In this connection, we note the occurrence at residues 3181 to 3186, in the Vmw 12 gene, of the sequence 5'-AATAAA. This is considered to represent part of the polyadenylation signal in mRNA synthesis (Fitzgerald & Shenk, 1981) . However, no mRNA with a 3'-terminus in this region has been detected (F. Rixon, personal communication). Recently, Watson et al. (1981b) have published a 431 bp sequence of a region of HSV-1 DNA, Patton strain. This corresponds to residues 2764 to 3258 of our sequence, and thus includes the intron reiterations and the Vmw 12 predicted coding sequence. There are a number of differences between the sequences: excluding the tandem reiterations, the two sequences are 98% homologous. The reiterations in the Patton strain sequence are 23 bp, instead of 22 bp in strain 17.
The dominant feature of the R s DNA sequence presented here is its extremely high G + C content: 78% G + C for residues 1 to 3086. This is found in regions thought to be polypeptide-coding, as well as in non-coding sequences. Examination of the partial denaturation maps of HSV-1 DNA produced by Delius & Clements (1976) shows that this region is one of the most G + C-rich in the HSV genome. The nature of the evolutionary forces producing this result is unknown. In contrast, the portions of U s sequenced have the much lower G + C content of 66%, a value also found for a 3600 bp sequence in U L (the BamHI p sequence; D. McGeoch, unpublished data), and close to the value of 67 % estimated for the whole genome (Kieff et al., 1971; Halliburton, 1972) . In an attempt to examine the G + C content Variation further, we calculated G + C contents for successive 100 bp stretches of the sequence, and plotted the figures as a histogram of base composition (in 5-percentile classes) against frequency, as shown in Fig. 5 . We see that the data for Rs, for U s and for U L each yield a unimodal distribution; that is, by the criterion of distribution of G + C residues in 100 bp sequences, each region comprises a homogeneous class. The distinction between the R s data on the one hand, and the U s and U L on the other, is so clear cut that we consider it necessary to postulate that the R s regions have experienced a distinct set of selective evolutionary forces. One possibility is that the R s region was at one time not part of the same genome as the U s and U L regions examined. In this regard, we note that R s is functionally demarcated from the neighbouring regions in that no polypeptide-coding sequences run across its boundaries.
Our data predict a complete amino acid sequence for the Vmw 12 polypeptide. This is 88 residues long, with a mol. wt. of 9830, and has a small excess of basic over acidic amino acids. The amino acid composition is listed in Table 4 . The predicted sequence for the N-terminal portion of Vmw 175 ~is 523 amino acids in length, i.e. it represents about 31% of the total polypeptide (Marsden etal., 1976) . The high G + C content (80%) of the coding DNA is reflected in the high proportions of Ala, Gly, Pro and Arg in the polypeptide (Table 4) . Inspection of the codon usages showed clearly that it is on the DNA sequence per se that the (unknown) forces producing high G + C content are acting, rather than indirectly on the (Fig. 3a, b) ; (b) sequence in U s (Fig, 3b, 4) ; (c) sequence in Ue (D. McGeoch, unpublished data). DNA via requirements of amino acid composition. Thus, the observed amino acid content could be produced easily with a lower G + C DNA, just by third base codon changes.
In conclusion, the data reported here represent the largest section of HSV DNA sequence obtained to date. They give a greatly enhanced view of a genome region important in immediate-early gene function. They also raise new problems, concerning particularly the evolution of the HSV genome.
